co-regulators, the DELLA proteins (/2), which
potentiate the ability of SPL9 (directly) and LFY
(indirectly) to induce AP/ and to trigger the onset
of flower formation (fig. S9). LFY initiates the
reduction in gibberellin levels—which results in
increased DELLA accumulation—at least in part
by inducing expression of the gibberellin catab-
olism enzyme ELAL.

Our findings may help explain the previously
paradoxical observation that gibberellin acts pos-
itively in the switch to reproductive development
in most plants but negatively in some woody plant
species, such as grapevine (29). In addition, our
data make gibberellin a prime candidate for a
“branching” factor predicted by mathematical mod-
eling of inflorescence architectures (30). Finally,
our results suggest that the degree of inflorescence
branching, which determines seed yield and, thus,
reproductive success, could be adjusted by alter-
ing gibberellin accumulation before the inflores-
cence forms or the rate of gibberellin catabolism
thereafter.
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Cancer Immunotherapy Based on
Mutation-Specific CD4+ T Cells in a
Patient with Epithelial Cancer

Eric Tran,® Simon Turcotte,™* Alena Gros,* Paul F. Robbins," Yong-Chen Lu,* Mark E. Dudley,*t
John R. Wunderlich,* Robert P. Somerville,* Katherine Hogan,* Christian S. Hinrichs,*
Maria R. Parkhurst, James C. Yang,* Steven A. Rosenberg’}

Limited evidence exists that humans mount a mutation-specific T cell response to epithelial
cancers. We used a whole-exomic-sequencing-based approach to demonstrate that
tumor-infiltrating lymphocytes (TIL) from a patient with metastatic cholangiocarcinoma
contained CD4+ T helper 1 (Ty1) cells recognizing a mutation in erbb2 interacting protein
(ERBB2IP) expressed by the cancer. After adoptive transfer of TIL containing about 25%
mutation-specific polyfunctional T,1 cells, the patient achieved a decrease in target lesions with
prolonged stabilization of disease. Upon disease progression, the patient was retreated with a
>95% pure population of mutation-reactive Ty1 cells and again experienced tumor regression.
These results provide evidence that a CD4+ T cell response against a mutated antigen can be
harnessed to mediate regression of a metastatic epithelial cancer.

he human immune system has evolved

I to recognize and eliminate cells express-
ing foreign, nonself antigens. All malig-

nant tumors harbor nonsynonymous mutations
or other genetic alterations (/), some of which
may generate neo-"nonself” epitopes that could
potentially trigger an antitumor T cell response.
Indeed, mutation-reactive T cells can frequent-
ly be found infiltrating human melanomas (2)
and likely play a critical role in the clinical
efficacy of adoptive cell therapy (ACT) and
other immunotherapies in melanoma (3-7).

However, limited evidence exists demonstrat-
ing that the human immune system can mount
an endogenous, mutation-specific T cell response
against epithelial cancers that comprise over
80% of all human malignancies (§-17), and it
is unclear whether this response can be har-
nessed to develop effective personalized cancer
immunotherapies (/2). Moreover, epithelial
cancers often contain fewer mutations than
melanoma (/), which may decrease the prob-
ability of eliciting a mutation-specific T cell
response. We thus first set out to determine

whether tumor-infiltrating lymphocytes (TIL)
recognizing patient-specific mutations can be
identified in patients with metastatic gastro-
intestinal (GI) cancers.

To this end, a 43-year-old woman with widely
metastatic cholangiocarcinoma (patient 3737,
table S1) who progressed through multiple che-
motherapy regimens was enrolled in a TIL-based
ACT protocol for patients with GI cancers
(NCTO01174121) (/3). Lung metastases were re-
sected and used as a source for whole-exomic se-
quencing and generation of T cells for treatment.
‘Whole-exomic sequencing revealed 26 nonsynon-
ymous mutations (table S2). To test whether the
patient’s TIL recognized any of these mutations,
we used a minigene approach. Briefly, for each
mutation we designed a minigene construct that
encoded for the mutated amino acid flanked on
each side by 12 amino acids from the endoge-
nous protein (fig. S1). Multiple minigenes were
synthesized in tandem to generate tandem
minigene (TMG) constructs (fig. S1 and table
S3), which were then used as templates for the
generation of in vitro transcribed (IVT) RNA
(13). Each of these IVT TMG RNAs was then
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enous VB22+ TCR constant regions were swapped with mouse constant regions, allowing for the detection of the introduced TCR using antibodies against
the mouse TCRP constant region (mTCRP). Plate-bound OKT3 was used as a control in all assays. All data are representative of at least two independent

experiments. Error bars are SD.

individually transfected into autologous antigen-
presenting cells, followed by a coculture with
TIL to determine whether any of the processed
and presented mutated antigens were recognized
by TIL. We observed reactivity of 3737-TIL to a
mutated antigen present in TMG-1 but not TMG-
2 or TMG-3 (Fig. 1A). Moreover, the reactivity
predominated in the CD4+ T cell population, as
demonstrated by up-regulation of the activation
markers OX40 and 4-1BB (Fig. 1B). Although
some 4-1BB up-regulation was observed in the
CD4-negative (CD8+) T cell population, we sorted
these cells and found no reactivity against the
TMG. To determine which of the nine mutations
in TMG-1 was being recognized by 3737-TIL,
we synthesized nine additional TMG-1 constructs,
each one containing a reversion of one of the mu-
tations back to the wild-type sequence. Reactivity
of 3737-TIL to TMG-1 was abrogated only when
the erbb2 interacting protein (FERBB2IP) muta-

tion was reverted back to the wild-type sequence,
indicating that the TIL specifically recognized the
ERBB2IP™%S mutation (Fig. 1C). The response
was restricted by HLA-DQB1*0601, and the mini-
mal epitope was located within the 13—amino
acid sequence NSKEETGHLENGN (where E
is Glu; G, Gly; H, His; K, Lys; L, Leu; N, Asn; S,
Ser; and T, Thr) (fig. S2).

We next characterized the clonality of the
mutated ERBB2IP-specific CD4+ T cells by
sorting them after antigen-specific activation,
using OX40 as a marker of activation (fig. S3A).
These cells were then bulk-expanded and cloned
by limiting dilution. A flow cytometry—based sur-
vey of the T cell receptor—V (TCR-VB) repertoire
demonstrated that the bulk-expanded popu-
lation was >95% VB22+ and that 10/11 clones
assessed were purely VB22+ (fig. S3, B and C).
TCR sequence analysis revealed the same TCR
variable, diversity, joining (V-D-J) sequence in

6/6 V22+ clones tested (table S4), suggesting that
the majority of the ERBB2IP mutation—reactive
T cells was composed of a dominant V22+ T cell
clone. T cell clones expressing this V22 TCR spe-
cifically produced the cytokine interferon (IFN)—y
upon stimulation with the mutated ERBB2IP pep-
tide (Fig. 1D). Moreover, autologous open reper-
toire peripheral blood T cells genetically modified
with this TCR-VB22 chain matched with its alpha
chain (table S5) conferred specific reactivity to
the mutated ERBB2IP peptide (Fig. 1E), demon-
strating that this TCR specifically recognized the
ERBB2IP****° mutation.

The patient underwent adoptive transfer of 42.4
billion TIL containing CD4+ ERBB2IP mutation-
reactive T cells followed by four doses of inter-
leukin (IL)-2 to enhance T cell proliferation and
function (fig. S4). Flow cytometry analysis dem-
onstrated that about 25% of the entire 3737-
TIL product administered was composed of the

9 MAY 2014 VOL 344 SCIENCE www.sciencemag.org



REPORTS

Fig. 2. Adoptive transfer A so B D4 (56.5 %) B tmc,
of TIL containing ERBB2IP © 401 [] D8 (41.5 %) wt ERBB2IP TMG-1 OKT3
mutation—reactive Tcells. 5
(A) Flow-cytometric analy- 3
sis of the TCR-VB reper- ;
toire of 3737-TIL, gated on
live CD4+ or CD8+ T cells. 0
(B) Patient 3737-TIL were Pl RAR PR RSN RIS YT Y
cocultured with DCs trans- o N -
fected with TMG-1 or TMG-1 TCR VB
encoding the wt ERBB2IP reversion, and flow
cytometry was used to assess 0X40 and VB22 C D T 150,
expression on CD4+ T cells at 24 hours post- 160 Serum = 2Llung 1 nfusion A
stimulation. Plate-bound OKT3 stimulation . B &3 Liver
was used as a positive control. (A) and (B)are = 45, 2= 100 ® Total =6 X
representative of at least two independent ex- > 5 GE)
periments. (C) IFN-y enzyme-linked immuno- £ gp Cell < +
sorbent assay on patient 3737 serum samples ; Infusion g L
pre— and post—adoptive cell transfer of 3737- = 40 \ 2% 50
TIL. Error bars are SEM. (D) Tumor growth curves a
[Response Evaluation Criteria in Solid Tumors (RECIST), 0 k]
sum of maximum diameters] before and after infusion of ‘ ‘ : ‘ X 9 ‘ ‘ ‘ ‘ ‘
3737-TIL. Data are expressed as a change in percent from -7 0 7 14 -6 0 6 12 18
pretreatment baseline and stratified on lung, liver, and Days Months relative to cell transfer
total tumors.
A mutALK  wtERBB2IP mut ERBB2IP OKT3 mut ALK wt ERBB2IP
0 0 VB22+, mutation-reactive T cells (Fig. 2, A and
B), equating to the infusion of over 10 billion
5. | ERBB2IP mutation—specific CD4+ T cells. Ele-
L © L © ] 99% 98% vated levels of IFN-y were detected in the pa-
=145 55 tient’s serum for the first 5 days after cell infusion
0 0 (Fig. 2C). Although the patient had clear evi-
mut ERBB2IP OKT3 fienct? of progressive fiisease before the cell
. © infusion, tumor regression was observed by. the
Z 5 A \‘ 2-month follow-up, and all target lung and liver
lesions continued to regress, reaching a maximum
0 0 reduction of 30% at 7 months post-treatment (Fig.
2D). The patient experienced disease stabilization
> for about 13 months after cell infusion, after which
£ "‘ "/ tr # of cytokines (gated on V22+) disease progression was observed only in the

2, el o e lungs but not liver.
Vp22 Oo M1+ O2+ W3+ To determine whether there was evidence that

the CD4+ ERBB2IP mutation—reactive T cells

© Blood played a rgle 1n the disease stabilizatioq, we evql—
= * Tu-Pre uated the in vitro phenotype and function and in
1 [] 3737-TiL vivo persistence of these cells. A number of pre-

m Tu-1-Post clinical studies (/4-20) and one case report in
N A Tu-2-Post melanoma (27) have demonstrated that T helper

VB22+ clone VB5.2+ clone

¥ Tu-3-Post 1 (Tyl) cells, through a variety of mechanisms
X including the secretion of the pleiotropic cyto-
e | kines IFN-y and tumor necrosis factor (TNF)
(22, 23), can mediate tumor regression. More-

Z j over, CD4+ T cells that can simultaneously

TCRB-CDR3 frequency (%)
o
S ©
= = =
-
\

0.001
produce multiple effector cytokines (polyfunc-

0.0001 — — tional T cells) have been correlated with effec-
50 -25 0 25 50 300 600 -50 -25 0 25 50 300 600 tive antitumor T cell responses (19, 24). We found
Days relative to cell transfer that the VB22+ ERBB2IP mutation—reactive CD4+

Fig. 3. Functional phenotype and persistence of ERBB2IP mutation—specific CD4+ T cells. (A) Patient 1 cells were polyfunctional Tyl cells, because
3737-TIL were cocultured for 6 hours with autologous B cells pulsed overnight with wt ERBB2IP, mut ALK, ~ Stimulation with the mutated ERBB2IP pep-
or mut ERBB2IP 25—amino acid—long peptides. Flow cytometry was used to assess expression of V(322 and tide induced the robust coexpression of IFN-y,
to detect intracellular production of IL-2, TNF, and IFN-y in the CD4+ population. Pie charts display the ~ TNF, and IL-2 (Fig. 3A) but little to no IL-4 or
percentage of VB22+ cells that expressed the indicated number of cytokines. Data are representative of at  1L-17. Further phenotypic characterization re-
least three independent experiments. (B) TCR-VB deep sequencing of 3737-TIL and blood and tumors of ~ vealed that these cells were predominantly effector
patient 3737 at various times pre— and post—adoptive cell transfer with 3737-TIL. Data show the memory CD4+ T cells with cytolytic potential
frequency of the two ERBB2IP mutation—specific TCRB-CDR3 clonotypes. ®, not detected. (fig. S5, A and B).
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There also appeared to be a minor population
of polyfunctional VB22-negative, ERBB2IP mu-
tation—reactive CD4+ T cells present in 3737-TIL
(Figs. 2B and 3A). Sorting of the VB22-negative
cells followed by activation of these cells revealed
that one or more additional clonotypes reactive to
this epitope were present in 3737-TIL (fig. S6, A
and B), the most dominant clonotype of which
was V5.2 (fig. S6, C and D). The majority of the
VB5.2+ cells produced multiple cytokines in an
antigen-specific manner (fig. S6E and table S6).
There also appeared to be a minor population of
VB5.2-negative (and VPB22-negative) CD4+ T
cells that recognized mutated ERBB2IP (fig. S6E).
Thus, the TIL used to treat patient 3737 contained
at least three different polyfunctional CD4+ T cell
clones that recognized the same mutation in
ERBB2IP, suggesting that this mutation was highly
immunogenic.

The in vivo persistence of adoptively trans-
ferred T cells in the blood at 1 month post—cell
transfer is correlated with improved outcomes
in melanoma patients treated with ACT (25). We
thus evaluated the in vivo persistence of the
ERBB2IP mutation—reactive CD4+ T cell clones
in patient 3737. TCR-Vf deep sequencing revealed
that these clonotypes were rare or not detectable
in the peripheral blood before ACT (Fig. 3B).
Ten days after ACT, both clones were present at
greater than 2% of the total T cells in the pe-
ripheral blood, but declined to less than 0.3% by
day 34 post—cell infusion (Fig. 3B). Three lung
metastases, which were resected nearly a year and
a half after ACT, were infiltrated by the ERBB2IP
mutation-reactive T cells (Fig. 3B), suggesting

that these cells contributed to the cancer regres-
sion and disease stabilization. The V22+ ERBB2IP
mutation—reactive clone was the most frequent
clone detected in tumor nodule—3 (Tu-3-Post) and
represented nearly 8% of total T cells in the tumor
(Fig. 3B), whereas this clone was the second and
twelfth most frequent in tumor nodules—1 and -2,
respectively. The VB5.2+ ERBB2IP mutation—
reactive clone was also enriched compared with
its frequency in blood in all three tumor nodules
(Fig. 3B). Thus, patient 3737 experienced tumor
regression with stabilization of disease for more
than 1 year after receiving over 10 billion ERBB2IP
mutation—specific polyfunctional Tyl cells that
infiltrated and persisted in the metastatic lesions.

We observed relatively high levels of ERB-
B2IP expression in both the original and the re-
current lung lesions as determined by quantitative
reverse transcription polymerase chain reaction
(fig. S7A), and Sanger sequencing validated the
presence of the ERBB2IP mutation in all tumor
lesions (fig. S7B). The T cell infiltrate and major
histocompatibility complex expression of the tu-
mors in situ are summarized in tables S7 and S8,
respectively. The presence of T cells reactive to
the ERBB2IP mutation in progressing tumors that
expressed this mutation suggests the presence of
immunosuppressive influences at the tumor site
that may need to be overcome to increase the anti-
cancer effects of the transferred cells.

To specifically evaluate the contribution of
mutation-reactive Tyl cells to the antitumor re-
sponse in vivo, we generated and adoptively
transferred a TIL product that was comprised of
>95% of the VB22+ ERBB2IP mutation—reactive
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Fig. 4. Evidence of tumor regression after treatment with a highly pure population of V§22+
ERBB2IP mutation—reactive CD4+ T cells. (A) Flow-cytometric analysis of the TIL product used for
retreatment. Data are gated on live CD3+ T cells (left) and further gated on CD4+ cells (right).
(B) Retreatment TIL were cocultured for 6 hours with autologous B cells pulsed overnight with wt or mut
ERBB2IP 25—amino acid—long peptides. Flow cytometry was used to detect intracellular TNF produc-
tion in the CD4+ population. (A) and (B) are representative of at least two independent experiments.
(C) Tumor growth curves (sum of maximum diameters) of patient 3737 before and after first and second
adoptive cell transfers. The first infusion product consisted of 42.4 billion T cells containing about 25%
(10 billion) VB22+ ERBB2IP mutation—reactive T,1 cells. The second infusion product consisted of 126
billion T cells containing over 95% (120 billion) VB22+ ERBB2IP mutation—reactive Ty1 cells. Data are
expressed as a change from baseline and stratified on lung, liver, and total tumors. Some target lesions
selected in (C) differ from Fig. 2D because only lesions that were present throughout both treatments

were selected for measurement.

Tyl cells (Fig. 4, A and B) (/3). Again, the pa-
tient experienced a decrease in target lesions, but,
unlike the first treatment, tumor regression was
observed even at the first-month follow-up and
continues as of the last follow-up at 6 months
(Fig. 4C).

Mapping of the mutational landscape of hu-
man cancers is occurring at a rapid pace, but
strategies to exploit this information for clin-
ical benefit remain to be fully realized. Here, we
used a whole-exome sequencing approach to
demonstrate that the human immune system can
mount an endogenous Tyl response against a
mutation expressed by an epithelial cancer, and
we provide evidence that this response can be
harnessed for therapeutic benefit. Given that a
major hurdle for the success of immunother-
apies for GI and other cancers is the apparent
low frequency of tumor-reactive T cells (26),
the strategies reported here could be used to gen-
erate a T cell product that is highly enriched in
mutation-reactive T cells for use in ACT. The
ability to immunologically target unique muta-
tions in cancers can potentially extend highly
personalized immunotherapies to patients with
epithelial cancers, which account for about 90%
of cancer deaths in the United States.
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The Transcription Factor Gatab Links
Tissue Macrophage Phenotype and
Proliferative Renewal
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Timothy C. Stone,” Valerie B. O'Donnell,* Donald

J. Fraser,® Simon A. Jones,* Philip R. Taylor't

Tissue-resident macrophages are heterogeneous as a consequence of anatomical niche—specific
functions. Many populations self-renew independently of bone marrow in the adult, but the molecular
mechanisms of this are poorly understood. We determined a transcriptional profile for the major

self-renewing population of peritoneal macrophages

in mice. These cells specifically expressed the

transcription factor Gataé. Selective deficiency of Gataé in myeloid cells caused substantial alterations
in the transcriptome of peritoneal macrophages. Gataé deficiency also resulted in dysregulated
peritoneal macrophage proliferative renewal during homeostasis and in response to inflammation,
which was associated with delays in the resolution of inflammation. Our investigations reveal that the
tissue macrophage phenotype is under discrete tissue-selective transcriptional control and that this is
fundamentally linked to the regulation of their proliferation renewal.

tal roles specific to their microanatomical
niche, ranging from dedicated homeostatic
functions to immune surveillance (/). Such het-

Tissue-resident macrophages play fundamen-

Fig. 1. Selective myeloid cell alterations in the
peritoneum of mice with myeloid Gataé defi-
ciency. (A) Representative flow cytometric and im-
munofluorescent assessment of peritoneal-resident
macrophages from WT and Gata6-KO™® mice. F4/80"9"
(arrowhead) and F4/80"°" (arrows) macrophages are
indicated. Fluorescent images were captured with a
x40 objective lens, the scale bar is indicated, and the
images are representative of four mice per group (fig.
S9). (B) Representative flow cytometric analysis of the
peritoneal myeloid cell (CD11b*CD197) composition
of the Gata6-WT and Gata6-KO™* mice. Percentages
indicate typical proportions of the cell types of all
peritoneal cells. (C) Quantification of peritoneal myeloid
cells in the Gata6-WT (black bars, n = 95/79) and
Gata6-KO™* mice (white bars, n = 53/59Q) analyzed by
flow cytometry in (A) and (B) above. Data represent
the mean = SEM of mice pooled from two indepen-
dent experiments and were analyzed by two-way analysis
of variance (ANOVA) M@, macrophage; Res, tissue-
resident; Eos, eosinophil; DC, dendritic cell; Int, inter-
action statistic; Gata6, Gataé effects; Sex, sex effects.

erogeneity predicts that discrete transcriptional
controls probably exist in specific macrophage
populations that determine both their particular
phenotypes and tissue-specific functions.
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Many resident macrophages self-renew by lo-
cal proliferation [(/) and references therein]. This
is initiated after seeding of macrophages into
tissues during development and their expansion
during the neonatal period (/). Under specific
conditions, these tissue-resident macrophages
may also be derived from blood monocytes (7).
Classic F4/80M€"CD11b"e" peritoneal-resident
macrophages fit this model (2—7), and they pro-
liferate above homeostatic levels in response to
inflammation (6). Proliferation of human macro-
phages has also been observed in several contexts
[reviewed in (/)]. However, the factors control-
ling these processes remain ill-defined. We hypo-
thesized that discrete transcriptional controls would
govern both the specific phenotype of tissue
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